The electric power infrastructure that has served huge loads for so long is rapidly running up against many limitations. Out of many challenges it is to operate the power system in secure manner so that the operation constraints are fulfilled under both normal and contingent conditions. Smart grid technology offers valuable techniques that can be deployed within the very near future or which are already deployed nowadays. Flexible AC Transmission Systems (FACTS) devices have been introduced to solve various power system problems. In literature, most of the methods proposed for sizing the FACTS devices only consider the normal operating conditions of power systems. Consequently, some transmission lines are heavily loaded in contingency case and the system voltage stability becomes a power transfer-limiting factor. This paper presents a technique for determining the proper rating/size of FACTS devices, namely the Static Synchronous Compensator (STATCOM), while considering contingency cases. The paper also verifies that the weakest bus determined by eigenvalue and eigenvectors method is the best location for STATCOM. The rating of STATCOM is specified according to the required reactive power needed to improve voltage stability under normal and contingency cases. Two case system studies are investigated: a simple 5-bus system and the IEEE 14-bus system. The obtained results verify that the rating of STATCOM can be determined according to the worst contingency case, and through proper control it can still be effective for normal and other contingency cases.
Introduction
In a competitive energy market, the grid mostly operates very close to its maximum capacity. Therefore, congestions may occur due to unexpected line outage, generator outage, sudden increase of demand, failures of equipments, etc. Hence, network congestion has become a major concern for smart grids. However, in the context of the smart grid, it is possible to obtain measurements throughout the grid to identify and implement the necessary control actions in sub-second time frames. Thus, voltage instability and collapse that may lead to the blackout can be avoided, if suitable monitoring is used and application of a preventive control is taken. In this context, FACTS devices can be applied to improve the voltage stability of power systems.
One of the most recent technologies that has always grasped the attention of researchers in power engineering is the Flexible AC Transmission System (FACTS). This technique appeared in literature for the first time in 1989 when Narian Hingorani defined FACTS as "The concept of using solid-state power electronic devices mainly thyristor for power flow control at transmission level", [1] . Recent advances in the area of voltage source converters (VSC) have also added to this area of research. In addition, there is an increasing interest in using FACTS devices in the operation and control of power systems. These devices are characterized by fast response, high reliability and wide operating range [2] [3] [4] [5] .
Voltage stability is a problem in power systems which are heavily loaded, faulted or have a shortage of reactive power. The nature of voltage stability can be analyzed by examining the production, transmission and consumption of reactive power. The problem of voltage stability concerns the whole power system, although it usually has a large involvement in one critical area of the power system. The voltage stability can be improved by allocating FACTS devices [6] [7] [8] [9] [10] [11] [12] [13] .
The contingency ranking methods for voltage stability analysis are based on sensitivities of voltage stability margin, the curve fitting method, simultaneous computation of multiple contingency cases and parallel/distributed computation algorithms [14] [15] [16] [17] . The state of power system voltage stability can be described in terms of reactive power losses [18] . When the power system is stressed, reactive power losses increase compared to the operation point. In this case, the reactive power losses of outages need to be calculated and the ranking of contingencies can be directly based on them.
The minimum singular value of the load-flow Jacobian matrix is zero at the voltage collapse point, [19, 20] . It is used as an indicator to quantify proximity to post disturbance maximum loading point. The use of the indicator requires the computation of post-disturbance load flows for each outage. The value of the minimum singular value of the load flow Jacobian matrix is also sensitive to limitations and changes of the reactive power output. Computing the minimum singular values at the stressed operation point can increase the accuracy of the method. This paper presents an algorithm to determine the rated capacity of STATCOM to improve the static voltage stability of a power system under normal and contingency conditions. This is achieved through rescheduling the reactive power control variables of STATCOM. The algorithm utilizes the method of the eigenvalues and eigenvectors of the load flow Jacobian which is a proximity indicator that determines the weakest bus in the system. The rating of STATCOM is proposed to be determined while taking into account its suitability for both normal and contingency cases. Section 2 overviews the basic structure and operation theory of STATCOM. In Section 3, the saddle-node bifurcation and system voltage instability are explained. Section 4 presents the algorithm of the developed technique and MATLAB package for the optimal allocation of STATCOM. Results of two case-studies are presented in Section 5 for a 5-bus system model and IEEE 14-bus power system. The given results included system study and load flow analysis under normal operating conditions and in case of contingencies with and without STATCOM after the implementation of the developed device allocation technique. The main conclusions and contribution of the paper are mentioned in Section 6.
STATCOM Device
STATCOM is a static synchronous generator operated as a shunt connected static VAR compensator whose capacitive or inductive output current can be controlled independent of the AC system voltage. Figure 1 shows 
Saddle-Node Bifurcation (SNB) and Static Voltage Instability
A saddle-node bifurcation is the disappearance of system equilibrium as parameters change slowly. The saddlenode bifurcation has been shown as SNB point in the voltage (V) versus the loading factor (λ) curve as in 
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Sizing of STATCOM to Enhance Voltage Stability of Power Systems for Normal and Contingency Cases At the saddle-node bifurcation point, only one voltage solution occurs and beyond SNB no solution exists. Hence, the system can be loaded up to the SNB point. Therefore, SNB point is also called the maximum loadability point. The saddle-node bifurcation occurs due to slow and gradual increase in loading and may result in static voltage instability. The horizontal distance between the base case operating point and the saddle-node bifurcation point, which is the distance AB, as shown in Figure 2 , is called the static voltage stability margin or static loading margin, whereas the distance AC represents the oscillatory voltage stability margin or the dynamic loading margin.
The power system may be represented by a static model where, static load flow equations may be solved at different loadings to determine the saddle-node bifurcation point. At SNB point, the sensitivity V λ ∂ ∂ becomes infinity and Newton-Raphson Load Flow Jacobian becomes singular.
Algorithm of the Developed Method
The equation of saddle-node bifurcation can be solved by Newton-Raphson iterative technique. The use of Newton-Raphson method requires good initial values in order to converge to the bifurcation point. When applying the point of collapse method to voltage stability analysis, the information included in the eigenvectors can be used in the analysis of voltage stability. The right eigenvector defines the buses close to voltage collapse. The biggest element in magnitude of the right eigenvector shows the most critical bus.
The sizing criterion of STATCOM is determined by the value that partially compensates the reactive power, while the voltage at any bus of the system does not exceed the allowable limit. The placement criterion of STATCOM is to have it connected at the weakest bus of the system.
The developed algorithm can be summarized through the following steps:
Step 1: Formulate Y bus in per unit.
Step 2: Assign initial values to the unknown voltage magnitudes and angles of all system buses.
Step 3: Determine the mismatch vector for Iteration k.
Step 4: Determine the Jacobian matrix (J) for Iteration k.
Step 5: Determine the error vector (ΔX), then set X at iteration (k + 1) such that X (k+1) = X (k) + ΔX (k) , and check if the power mismatches are within tolerance, [10] . If so, go to Step 6, otherwise go back to Step 3.
Step 6: Compute the line current flows as well as the active and reactive line losses.
Step 7: Increase the load demand and compute the voltage until reaching the SNB, as given in Appendix A.
Step 8: Compute the system eigenvalues and right eigenvectors to determine the weakest bus.
Step 9: Connect the STATCOM at the weakest bus.
Step 10: Solve the load flow problem with STAT-COM erected at the weakest bus while considering that the operating constraints are not violated, and determine the required STATCOM rating.
Simulation Results of Case Studies

Application on 5-Bus System
The data of the 5-bus system, whose single line diagram is illustrated in the Appendix B, are detailed in [11] and [21] . The system consists of a slack bus (1), a PV bus (2) with limited values of reactive power in both lagging and leading case, and PQ buses (3) (4) (5) . Table 1 illustrates the load flow solution under normal operating conditions (base case). Under these conditions, a large amount of reactive power generation (90.82 MVAR) is demanded by the generator connected to the slack bus. This amount is well in excess of the reactive power drawn by the system loads (40 MVAR). The generator connected to PV bus draws the excess of reactive power in the network which is 61.59 MVAR. This amount includes the net λ ∆ = + , without any compensation applied and based on constant power factor load increase, the voltage collapse at the saddle-node bifurcation is determined. The loading factor λ is 2.98. It is known that this loading point is only a theoretical point and it is calculated to determine the load flow Jacobian matrix at that point and the margin to voltage stability point. Table 2 summarizes the load flow results of the system at the maximum loading point (SNB).
The values of active and reactive powers exceed the generators limits. The eigenvalues and eigenvectors of the system near this singularity of the Jacobian matrix at λ = 2.98 are calculated. Table 3 illustrates the eigenvalues and eigenvectors of the Jacobian matrix at the bifurcation point calculated by the developed MATLAB software package. From this table, it is clear that at λ = 2.98, there is a critical eigenvalue whose value approximately tends to zero with minimum value of 2.19, and hence, it approaches the bifurcation point. By investigating the maximum magnitude of the eigenvector components corresponding to that minimum critical eigenvalue, it is clear that the maximum magnitude occurs at bus 5, hence bus 5 is the weakest bus to which STATCOM will be connected. To verify that bus 5 is the optimal bus for compensation, the STATCOM is allocated at buses 3, 4 then bus 5, taken into consideration that the terminal bus voltage values are within the permissible limits (0.98 -1.06 p.u.) under normal loading conditions. A comparison among these three cases is performed to verify the validity of the obtained results. Table 4 summarises the results of allocating STATCOM at buses 3, 4, and 5.
It is clear that when the STATCOM is allocated at bus 5, the new loading factor λ reaches 4.71. Hence, the maximum loadability point is increased from 2.98 to 4.71. With STATCOM erected at bus 5, the maximum loading is increased and at the same time the bus voltages are within acceptable limits in normal operation. Table 5 illustrates the voltage magnitude of each of the 5 buses after erecting STATCOM of rating 33.344 MVAR at bus 5, where all the voltages are within limits. 
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The load flow analysis is then carried out by considering one-line outage contingency at a time. The required STATCOM rating for different contingencies is given in Table 6 . The biggest value of STATCOM rating corresponds to the outage of line 5 for this case study. The magnitude of the voltage at bus 5 is noticed to be within permissible limits in each contingency case. Table 7 illustrates the voltage magnitude at bus 5 before and after erecting STATCOM at bus 5 during various cases of contingency.
From Table 7 , it is clear that the voltage at bus 5 is greater in case of contingency with STATCOM erected at bus 5 than without STATCOM. That is due to the increase of MVAR injected by STATCOM in case of contingency. In summary, STATCOM of rating 40 MVAR and erected at bus 5 can lead to an acceptable voltage profile for normal and contingency cases. In other words, the rating of STATCOM is increased from 33.34 MVAR to 40 MVAR to suit both normal and contingency cases, therefore the control of STATCOM output reactive power is carried out to adapt the operating conditions of the power system.
Application on IEEE 14-Bus System
In order to verify the effectiveness of the proposed sizing and allocating algorithm of FACTS device, the IEEE 14-bus test system, whose single line diagram is shown in the Appendix B, is also considered. It consists of five synchronous machines; three of which are synchronous compensators used only for reactive power support. There are 11 loads in the system consuming total active and reactive powers of 259 MW (2.59 p.u.) and 77 MVAR (0.77 p.u.). The active and reactive power losses are 15.67 MW and 12.76 MVAR respectively. The voltage magnitude at the slack bus is considered equal to 1 p.u. to study the effect of SATCOM on the voltage profile and stability of the system model. It is well known that additional improvement can be achieved by increasing also the voltage of the slack bus. However, in this paper the effect of using STATCOM is studied. Table 8 summarizes the results of the load flow solution under full load condition (base case). The voltage magnitude at each of the buses 13 and 14 is less than the minimum permissible value considered in this case study which is 0.95 p.u. Table 9 shows that by increasing the load at system load buses, based on constant power factor load increase, the voltage collapse at the saddle-node bifurcation point is reached. The critical λ value is equal to 2.42, and the load ratio of critical case to base case is equal to 3.42 as illustrated in Figure 4 . Most load buses have voltages magnitudes which are less than 0.95 p.u. The lowest value of the voltage magnitude is at bus 14 which is 0.586 p.u. Active power loss is equal to 482.3 MW while the reactive power loss is 1871.07 MVAR. Table 10 shows the eigenvalues and eigenvectors at the critical loading condition of λ equals to 2.42. It is clear that at this critical loading factor there is an eigenvalue which is equal to 0.02106 which approximately tends to zero. Hence, the bifurcation point is reached. By tracing the magnitudes of the eigenvector components corresponding to this minimum eigenvalue, it is found that the maximum magnitude is 0.54556 which occurs at bus 14. Hence, bus 14 is the weakest bus. Therefore, the STATCOM is to be located at bus 14. Table 11 presents the load flow analysis of the system while having the STATCOM erected at bus 14 in order to maintain all bus voltages within the permissible limits. Total active power loss and reactive power loss are equal to 15.646 MW and 11.7 MVAR, respectively. Consequentl, one STATCOM device is sufficient to be placed at bus 14 in order to regulate the voltage magnitude at this bus and keep it within the permissible limit. In this case, the STATCOM generates 23.578 MVAR. Figure 4 depicts the magnitude of the bus voltage in per unit versus the loading factor λ for the base case and with the STATCOM erected at bus 14. It is clear, that the value of critical loading factor has increased to 2.66.
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Power systems engineers should have the operating power system secure, i.e. the system is able to withstand the failure of any equipment. Hence, the need for contingency analysis arises to checks the security of the system. Therefore, this research work presents a study of allocating STATCOM in the system while taking into consideration different cases of contingency. The developed software package is able to introduce the outage of a line one-by-one, provide the power flow analysis for each case, and then check the magnitude of the voltage at each bus. The rating of STATCOM, for each contingency case, is given in Table 12 . In case of a single line outage, the total active power loss is increased with a maximum value of 1.03 times that at the base case, whereas the total reactive power loss is increased with a maximum value of 18 and a minimum of 5.53 times that at the base case. Figures 5 and 6 show the active and reactive power losses in various cases of contingency.
The highest MVAR rating of STATCOM required to regulate the voltage at bus 14 to approximately 1 p.u. occurs in case of line 1 outage (starting at bus 1 and ending at bus 2). In this example, the highest values of active and reactive losses also correspond to the case of line 1 outage with a maximum device rating of 30.86 MVAR. Table 13 illustrates the voltage at bus 14 before and after locating STATCOM at bus 14 for various contingency cases.
In summary, a STATCOM of 30.86 MVAR rating, allocated at bus 14, leads to an acceptable voltage profile for both normal and contingency cases.
In the two studied systems, it was noticeable that only one eigenvalue has tended to approximately zero, and by allocating a suitable size STATCOM, the system operation has been secured. However, if more than one eigenvalue has a very small value (approaching zero), this will indicate the presence of more than one suitable location for allocating the STATCOM. Further, if no solution can be achieved by locating one STATCOM, or the required capacity is too high, another device can be erected on the second preferable location determined by using the same procedure.
Conclusion
This paper presents a developed technique for sizing FACTS devices, namely the Static Synchronous Compensator (STATCOM). The paper considers cases of contingency aiming to improve the voltage profile of the system under these conditions. An algorithm is developed for this purpose to improve the static voltage stability by rescheduling reactive power control variables in case of contingency. The algorithm is based on the eigenvalues and eigenvectors of load flow Jacobian matrix using Newton Raphson technique for allocating STAT-COM. A 5-bus system and IEEE 14-bus system models are both used to verify the validity of the proposed technique. The required STATCOM ratings, in both normal and contingency cases, are computed while the system operational constraints are still maintained to have a secured system. Consequently, the location and rating of FACT device are obtained to maintain secure power system operation during both normal and contingency cases by controlling the reactive power of STATCOM according to various contingency cases. The obtained results verify the validity of the proposed technique in sizing the STATCOM.
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APPENDIX A
In contingency load flow, base power flow equations are reformulated by inserting a load parameter into these equations. In order to simulate the load change, a loading factor λ is inserted into demand powers 
